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Human unmyelinated tactile afferents (CT afferents) in hairy skin are thought to be involved in the transmission
of affective aspects of touch. How the perception of affective touch differs across human skin has made substantial
progress; however, the majority of previous studies have mainly focused on the relationship between stroking
velocities and pleasantness ratings. Here, we investigate how stroking hardness affects the perception of affective
touch. Affective tactile stimulation was given with four different hardness of brushes at three different forces,
which were presented to either palm or forearm. To quantify the physical factors of the stimuli (brush hardness),
ten naïve, healthy participants assessed brush hardness using a seven-point scale. Based on these ten participants,
ﬁve more participants were added to rate the hedonic value of brush stroking using a visual analogue scale (VAS).
We found that pleasantness ratings over the skin resulted in a preference for light, soft stroking, which was rated
as more pleasant when compared to heavy, hard stroking. Our results show that the hairy skin of the forearm is
more susceptible to stroking hardness than the glabrous of the palm in terms of the perception of pleasantness.
These ﬁndings of the current study extend the growing literature related to the effect of stroking characteristics on
pleasantness ratings.1. Introduction
Touch sensations are transmitted by different combinations of
mechanoreceptors. The experience of touch leads to sensations that
involve both discriminative and emotional aspects (McGlone et al.,
2007). According to these theories, the experiences of touch are medi-
ated by two separable dimensions, classiﬁed as sensory-discriminative
and motivational-affective (Morrison et al., 2010). Although much
more is known about the perception of discriminative touch, such as
roughness, shape and vibration discrimination, little is known about af-
fective touch, which plays a critically important role in interpersonal
communication (Gallace and Spence, 2010).
It is widely accepted that human discriminative touch is mediated
through low-threshold mechanoreceptors with large, myelinated A-beta
(Aβ) ﬁbers (Vallbo and Johansson, 1984; Bensmaia, 2008). In contrast,
recent studies have suggested that unmyelinated, small-diameter, low-
er-threshold mechanoreceptive afferents (C-LTMRs), also called C tactileJ. Yang), wu@mech.okayama-u.a
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vier Ltd. This is an open access aror CT afferents, are involved in the transmission of affective aspects of
touch (Olausson et al., 2002; McGlone et al., 2007; Loken et al., 2009;
Liljencrantz and Olausson, 2014). There is no evidence for existence of
CT afferents in the glabrous skin (Vallbo et al., 1999; Olausson et al.,
2002; Loken et al., 2009; Olausson et al., 2010; McGlone et al., 2014;
Perini et al., 2015), yet the phenomenon that glabrous skin touch
perceived as pleasant is very common. In addition, previous studies have
shown that sensory factors such as hardness (Rolls et al., 2003), tem-
perature (Ackerley et al., 2014a), force and velocity (Loken et al., 2009;
Ackerley et al., 2014b), contribute to pleasantness ratings of affective
touch. Here, the focus of our research is to investigate the relationship
between stroking hardness and affective touch over two different skin
sites.
The majority of previous behavioral studies have focused on pleas-
antness ratings at different levels of stroking velocities over skin sites
(Loken et al., 2009; Loken et al., 2011; Ackerley et al., 2014b); these
studies have all consistently suggested that the glabrous skin of the palmc.jp (J. Wu).
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Fig. 1. Diagrammatic representations of the stroking stimuli. An assistant
conducted the stimuli using a soft brush, and stroking forces were controlled by
observing the display of electronic scales. A window (30  80 mm) in the plastic
ﬁlm exposed the skin to the moving brush and assured maintenance of a con-
stant spatial relationship between the brush and the body part.
Table 1
Main physical properties of bristles.
Brush Material Density Tip Diameter
(μm)
Mean  SD
Middle
Diameter (μm)
Mean  SD
Brush1 Fiber 100% 68 52.80  13.58 94.42  11.32
Brush2 PET 60%; PP 20%;
Goat hair 20%
88 37.20  13.22 70.17  16.13
Brush3 Goat hair 50%;
Chemical ﬁber 50%
75 72.79  33.55 85.24  33.41
Brush4 Pig hair 100% 33 73.99  26.30 143.62  22.01
The table shows the main physical properties of the brush bristles used in the
experiment.
Material: the material of the bristles; PET: Polyethylene terephthalate, PP:
Polypropylene; The number indicates the proportion of each component.
Density: the number of the bristles per 1 mm2 area located in the center part of
the brush bristles material.
Tip diameter: the mean  SD diameter (μm) of the tip of 100 bristles located in
the center part of the brush bristles material.
Middle diameter: the mean SD diameter (μm) of the middle (equidistant from
bristle tip and root) of 100 bristles located in the center part of the brush bristles
material.
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ing proﬁle compared to the hairy skin of the forearm. Previous functional
magnetic resonance imaging (fMRI) studies (Olausson et al., 2002;
Bjornsdotter et al., 2009) have shown that CT-targeted touch mainly
projects to the insular cortex rather than the somatosensory cortices. The
recent positron emission tomography (PET) study (McGlone et al., 2012)
showed affective touch on the arm give signiﬁcant activations of the
posterior insular cortex and mid-anterior orbitofrontal cortex (OFC) in
comparison to the palm, while the opposite contrast (touch on the arm
minus touch on the palm) showed a signiﬁcant activation of the so-
matosensory cortices. Further, the dissociation of insula function sug-
gests posterior and anterior insula involvement in distinct yet interacting
processes: coding physical stimulation and affective interpretation of
touch by investigating brain responses to CT-targeted touch in the
experience versus imagine conditions (Lucas et al., 2015). From these
studies, stroking velocities also have different effects on the perception of
affective touch on the palm and the forearm, and experiencing affective
touch to arm and palm recruit either overlapping or distinct brain re-
sponses. We hypothesize that physical characteristics, particularly
stroking hardness, may also have different effects on the perception of
pleasantness from hairy and glabrous skin just like stroking velocities.
Here, a 2  3  4 factorial experiment was designed, with the factors
being 2 locations, 3 stroking forces and 4 stroking hardness grades. We
investigated the relationship between stroking forces and affective touch
over two different skin sites. Since the light touch seems suitable for
human social interaction, we predicted that the light stroking force
would be more pleasant than the heavy stroking force. We also wanted to
investigate whether stroking hardness has a different effect on pleas-
antness ratings of affective touch on the hairy skin of the forearm and the
glabrous skin of the palm. We predicted that the hairy skin of the forearm
is more susceptible to stroking hardness than the glabrous of the palm in
terms of the perception of affective touch pleasantness. We tested this
hypothesis by contrasting the slope of the regression line between
hardness and the perception of affective touch administered to the hairy
skin of the forearm versus the glabrous skin of the palm.
2. Materials and methods
2.1. Experiment 1 (Measurement of brush hardness)
Experiment 1 was designed to measure the hardness of the brushes
used in the affective touch experiment (experiment 2).
2.1.1. Participants
In total, 10 participants (5 males, Mean age 25.6 years, and 2.3 SD; 5
females, Mean age 26.6 years, and 2.4 SD) took part in the study. The
study was approved by the ethics committee of the University of
Okayama. All the participants were right-handed and given basic infor-
mation about the experiment. Written informed consent was obtained
from all the participants prior to their participation.
2.1.2. Experimental setting and procedure
After receiving a written explanation of the experiment, which
included a description of the experimental setting and instructions on
how to rate the stimuli, the temperature of the experimental room was
adjusted to a suitable temperature by the air conditioner (Watanabe
et al., 2012; Ackerley et al., 2014d). During the experiment, an accurate
digital alarm clock with thermometer Sensor (BC247L, Seiko Co., Ltd.,
Japan) was placed within one meter of the participants, and the tem-
perature was recorded every ﬁve minutes. The actual temperature of the
experimental room was Mean 24 SD 0.5 C. The participants were then
comfortably seated in an adjustable chair, and the ﬁngers of each
participant were wrapped in a piece of surgical tape to insure that the
brush would not touch the participants’ ﬁngers during palm stimulation
(Fig. 1). The participants naturally put their left hands or left forearms on
a high-precision, portable, digital scale (hand: KD192, Tanita2Corporation, Japan; forearm: CS-20KS, Custom Corporation, Japan)
during palm or forearm stimulations. A bafﬂe was used to shield the
participants from seeing the tactile stimulation.
Stimulations were all made with four types of artist's ﬂat, 50-mm-
wide, watercolor brushes, each with different levels of hardness.
Although the bristles are different materials (goat's hair, mixed wool,
artiﬁcial wool, pig's hair) for all brushes, the bristles were wrapped in
aluminum skin to insure that the bristles are all 20mm deep. To inves-
tigate the physical properties of the brushes, we took a 2  2 mm2 area
sample unit from the center of each brush bristle and then count the
number of bristles in the sample. The number of bristles per unit area (1
mm2) in the sample is approximately the density of the bristle. Subse-
quently, we took a sample of 100 bristles from the center of each brush
bristle. In order to objectively investigate the diameter of the bristles, the
diameters of the tip and middle of the 100 bristles were all measured
using a high precision outside micrometer (M110-25, Mitutoyo Co., Ltd.,
Japan). The average tip/middle diameter of the sample is approximately
the tip/middle diameter of the bristle. The physical parameters of the
brushes are listed in Table 1.
The caress-like strokes were administered by a well-trained research
experimenter on a palm/forearm to ﬁngertip direction at a rate of
J. Yu et al. Heliyon 5 (2019) e02141approximately 3 cm/s, a CT-optimal stroking speed (Loken et al., 2009).
The participants’ hands (forearms) were ﬁxed during the experiment to
prevent movement on the weighing platform of the high-precision digital
scale, thereby insuring the highest possible accuracy. The experimenter
applied different forces to the brushes and achieved three different
desired forces 1N, 1.7N, 3N by observing the display on the
high-precision digital scale. Despite the error, the experimenter
controlled the error below 0.15N as much as possible. We collected the
actual exerted forces of one participant at the three time points (the
starting time point, the intermediate time point, and the end time point)
in each brush stroke using a high-speed camera (HDE-CX630V, Panasonic
Corporation, Japan). Finally, we plotted the ﬁgure of the average actual
forces corresponding to the average expected forces and gave the error
bars of the standard deviation (Fig. 2).
Tactile sensations were explored over the following two skin sites: left
palm (in the center, equidistant from the bottom of the third ﬁnger and
the wrist) and left forearm (on the volar side, equidistant from the wrist
and elbow) (Ackerley et al., 2014b). In addition, a window (30 80 mm)
in the plastic ﬁlm exposed the skin to the moving brush and assured
maintenance of a constant spatial relationship between the brush and the
body part. Following each brush stroke, the participants were instructed
to rate the sensation on two subsequently presented seven-point Lik-
ert-like scales (Guest et al., 2012; Sakamoto and Watanabe, 2017), using
a custom-made scale, which was ﬁxed to a table in front of the partici-
pant. In the ﬁrst Likert-like scale, the participants were asked to answer
the question: “how hard was the brush?”. The rating scale consisted of 7
choices (ranging from 1 ¼ extremely soft to 7 ¼ extremely hard). In the
second Likert-like scale, which occurred directly after the ﬁrst, the par-
ticipants were asked to answer the question: “how rough was the
brush?”. The rating scale consisted of 7 choices (ranging from 1 ¼
extremely smooth to 7 ¼ extremely rough). As the study was conducted
in Japan, the descriptors of the scales were presented in Japanese.
Therefore, the responses were also recorded in Japanese and subse-
quently translated into English. The translation was carried out inde-
pendently by two ﬂuent Japanese-speaking, native British individuals,
and the descriptors were also compared to dictionary deﬁnitions of the
words. It was also back-translated into Japanese by an individual, who
knew nothing about the original Japanese descriptors. Since the
back-translated to Japanese corresponded to the original Japanese de-
scriptors, the translation into English was considered satisfactory.Fig. 2. The actual exerted mean forces at different desired forces. The y-axis
represents the actual exerted mean force corresponding to the desired force.
Corresponding to the desired force of 1N, 1.7N, 3N, the actual exerted mean
force is 1N, 1.72N, and 2.94N, respectively. The error bars represent the stan-
dard deviation (SD) of the means.
3Although we provided two items (roughness, hardness) for the partici-
pants to answer, the main focus of the research was to investigate the
inﬂuence of hardness on pleasantness ratings of gentle stroking. The
participants had 5 s to complete both Likert-like scales. Therefore, this
experiment consisted of a 2  3  4 design, where the Site condition had
two levels (palm, forearm), the Force condition had three levels (1 N, 1.7
N, 3 N), and the Hardness condition had four levels. Each trial was
repeated ﬁve times in a pseudo-random order.
2.1.3. Statistical analysis
The average raw scores for hardness ratings at different stimulation
conditions have been shown in Fig. 3. Since the basic data obtained from
measurements using an ordinal scale were not normally distributed, the
transformation of the ordinal scale to interval scale should be done before
parametric statistics. In addition, although the scale values of the stimuli
were deﬁned as projected upon a psychological continuum, the method
of equal-appearing intervals makes an implausible assumption of “equal
intervals”. Therefore, all the data were analyzed using the method of
successive interval (MSI) (Edwards, 1952; Blischke et al., 1975; Mat-
thews et al., 2002). In the study, n ¼ 12 stimuli were rated by 10 par-
ticipants on a 7-point Likert-like scale ranging from extremely soft, to
neutral, to extremely hard. From the proportion of each option, the cu-
mulative distributions for each stimulus are given in Table 2.
Assuming that the judgements for each stimulus are normally
distributed on a psychological continuum, the boundaries of categories
can be expressed as standard normal deviates. The area under the stan-
dard normal curve is divided into 7 sections according to the proportion
of each option, and the area in each section is then obtained from the
frequency of choice. If the table of cumulative proportion is entered with
value pjk, the corresponding standard normal deviate Xjk will be the upper
limit of the kth category over the rating stimulus j. Stimulus 2, for
example, provides estimates of the upper limits of categories 1, 2, 3, and
4. Expressed as standard normal deviates, these upper boundaries are
-0.99, 0.52, 2.05, and 2.33, respectively. It is important to note that the
lower limit of category 1 and the upper limit of category 7 are indeter-
minate because they are the endpoints. Let Yjk be the density value
corresponding to the upper limit of the kth category. Yjðk1Þ can be un-
derstood as the density value corresponding to the lower limit of the kthFig. 3. The average raw scores for hardness ratings at different stimulation
conditions. The x-axis represents the 12 different stimulus conditions (3 force 
4 hardness), which has been stated in Table 2. The y-axis is the average raw
scores for stroking hardness in context of a seven-point scale used to elicit an-
swers. Error bars correspond to SD.
Table 2
Cumulative proportion of judgement for stimuli.
Stimulus Rating Category
1 2 3 4 5 6 7
1. f1h1 0.17 0.76 0.98 0.99 0.99 1.00 1.00
2. f2h1 0.16 0.70 0.98 0.99 1.00 1.00 1.00
3. f3h1 0.13 0.65 0.96 1.00 1.00 1.00 1.00
4. f1h2 0.01 0.28 0.69 0.89 0.98 1.00 1.00
5. f2h2 0.01 0.17 0.59 0.82 0.98 1.00 1.00
6. f3h2 0.01 0.18 0.52 0.73 0.97 1.00 1.00
7. f1h3 0.01 0.02 0.16 0.60 0.92 1.00 1.00
8. f2h3 0.00 0.00 0.05 0.34 0.73 0.98 1.00
9. f3h3 0.00 0.01 0.03 0.14 0.54 0.94 1.00
10. f1h4 0.00 0.00 0.03 0.16 0.62 0.95 1.00
11. f2h4 0.00 0.00 0.02 0.04 0.42 0.93 1.00
12. f3h4 0.00 0.00 0.01 0.04 0.28 0.84 1.00
Table 2 is an n £ r matrix, where n is the number of stimuli and r is the
number of rating categories. Let the general element of Table 1 be pjk, which
shows the proportion of rating a given stimulus j in the kth category or below; 1
pjk is the proportion of rating stimulus j above the kth category. f1 ¼ force 1N, f2
¼ force 1.7N, f3 ¼ force 3N. h1 ¼ hardness of brush 1, h2 ¼ hardness of brush 2,
h3 ¼ hardness of brush 3, and h4 ¼ hardness of brush 4. Stimulus 1 of f1h1
indicates the stroke of brush 1 under downward force 1N. Similarly, stimulus 12
of f3h4 indicates the stroke of brush 4 under downward force 3N.
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limit of category 1, and the density value Yj7, corresponding to the upper
limit of category 7, are expressed as 0. All the subsequent calculations are
based on the data in Table 2. Therefore, the scale value (SV) for each
category will be computed by
SVk ¼ Yk1  YkPk  Pk1
where SVk is the scale value of category k. Yk is the density value cor-
responding to the upper limit of category k. Yk1 is the density value
corresponding to the lower limit of category k. Pk is the cumulative
proportion of category k. The denominator Pk  Pk1 is the proportion of
category k. When is 0, the scale value will be ignored. The scale values of
each category of the other stimuli are obtained in the same manner; thus,
the means of all the stimuli will be deﬁned as the scale values of each
category. These scale values for each category are -2.19, -1.29, -0.87, 0,
0.40, 1.45, and 1.98. To transform SV1 (the scale value for category 1) so
that it equals 1, 3.19 needs to be added. This same amount is added to
each of the other SV categories as well. The ﬁnal SVs will be 1.00, 1.90,
2.31, 3.18, 3.58, 4.64, and 5.17.
After obtaining the ﬁnal SV, the ordinal scale will be changed to the
distance (interval) scale. Brush hardness can be obtained by calculating
the normalized basic data and are 1.91, 2.66, 3.66, and 4.17. From
Table 1, we found that stroking hardness was not linearly related to the
density or the tip/middle diameter of the bristles.2.2. Experiment 2 (Ratings of pleasantness)
To determine how stroking hardness affects pleasantness ratings from
skin sites at different levels of stroking force, we conducted the second
experiment. Here, stroking hardness was measured using a seven-point
Likert-like scale in Experiment 1.
2.2.1. Participants
Fifteen healthy participants (8 males, Mean age 26.9 years, and 2.6
SD; 7 females, Mean age 26.6 years, and 2.4 SD) were recruited from
Okayama University. Eight participants were male. Ten of the partici-
pants took part in Experiment 1. The study was approved by the ethics
committee of the University of Okayama. All the participants were right-
handed and given basic information about the experiment, and written
informed consent was obtained from all the participants prior to their4participation.
2.2.2. Experimental setting and procedure
The experimental setting and procedure of Experiment 2 were iden-
tical to Experiment 1 in terms of the factorial design. Experiment 2 also
consisted of a 2  3  4 design, where the Site condition had two levels
(palm and forearm), the Force condition had three levels (1 N, 1.7 N, 3
N), and the Hardness condition had four levels (1.91, 2.66, 3.66, and
4.17). Following each brush stroke, the participants were instructed to
rate the pleasantness of the brushing experience using a visual analogue
scale (VAS) placed next to the right hand, ranging from -10 (unpleasant)
over a neutral (0) midpoint to 10 (pleasant).
The participants were required to rate the pleasantness of the stim-
ulation with a 10 s response interval. Each trial was repeated twenty
times per skin site (palm/forearm) using brushes of different hardness
with different stroking forces in a pseudo-random order. The data from
each participant were collected over four sessions conducted on different
days. Each session lasted for approximately 30 min.
2.2.3. Statistical analysis
All the statistical data were analyzed using SPSS (SPSS Statistics,
Version 17; IBM, Armonk, NY). Signiﬁcance was obtained at the p< 0.05
level, with up to three signiﬁcant ﬁgures. The raw average scores for
pleasantness ratings from the palm and forearm was shown in Fig. 4A-B.
The data were ﬁrst tested for normality of distribution using one-sample
Kolmogorov-Smirnov tests. From the test results, the tactile pleasantness
ratings were found to be normally distributed (Kolmogorov-Smirnov test
p > 0.05) and were analyzed using parametric tests. The mean tactile
pleasantness data were analyzed using a repeated-measures analysis of
variance (ANOVA) with 3 within-subject factors: site (arm and forearm),
force (1 N, 1.7 N, and 3 N), and hardness (1.91, 2.66, 3.66, and 4.17).
Descriptive statistics were analyzed, and a full factorial model was used
to explore the factors and the factor interactions. If the assumption of
sphericity was violated in the Mauchly's sphericity test, the Greenhouse-
Geisser (G-G) correction coefﬁcient epsilon was used to correct the de-
grees of freedom, and P-values were then recalculated. Further, the main
effects of each factor were compared, and post hoc tests were conducted
to contrast the different levels of the factors by using Bonferroni-
corrected pairwise comparisons of the estimated marginal means, con-
trolling for multiple comparisons. Simple-simple main effects were
further conducted to reveal whether there were signiﬁcant differences
between stimulation sites (palm/forearm) for pleasantness ratings under
a combination of the factors force and hardness. Finally, to investigate
the relationship between tactile pleasantness ratings and stroking forces,
linear regression analyses were performed. The pleasantness of a stim-
ulus was deﬁned as the dependent variable, with stroking forces as in-
dependent variables.
3. Results
The tactile pleasantness data were analyzed using repeated measures
ANOVA to reveal signiﬁcant differences in the pleasantness ratings for
different skin sites, stroking forces and stroking hardness. Main effects of
skin sites (F1;14 ¼ 7.43, p¼ 0.016), stroking forces (F1:11;15:50 ¼ 28.23, p<
0.001) and stroking hardness (F1:17;16:41 ¼ 38.52, p < 0.001) were found.
The main effects can be seen in Fig. 4A-B, where tactile stimuli with light
stroking hardness to be rated as more signiﬁcantly pleasant than the
other stimuli at high stroking hardness; a light stroking force was rated as
more signiﬁcantly pleasant than a heavy stroking force of the skin sites.
There were signiﬁcant interaction effects between the skin sites and
stroking forces (F1:42;19:83 ¼ 7.47, p ¼ 0.007) as well as between the skin
sites and stroking hardness (F1:91;26:79 ¼ 11.92, p< 0.001). There was also
a signiﬁcant interaction effect between stroking force and hardness (F6;84
¼ 6.55, p < 0.001). Although there was no signiﬁcant three-way inter-
action among skin sites, stroking forces and stroking hardness, main two-
Fig. 4. Pleasantness ratings at different stroking forces with different brush
hardness levels over skin sites. The y-axis (A-B) is the raw average scores for
pleasantness ratings from the palm (A) and forearm (B) in context of the ratings
scale (-10, 10) used to elicit answers. Main signiﬁcant effects were found for all
factors, including stroking forces (p< 0.001), stroking hardness (p< 0.001), and
skin sites (p ¼ 0.016). The lighter forces were rated as more signiﬁcantly
pleasant compared to heavier stroking forces for all skin sites. Higher stroking
hardness led to less pleasantness ratings than lower stroking hardness for all skin
sites. Error bars correspond to SD.
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levels for each factor; thus, extensive analyses (simple-simple main ef-
fects) were deemed necessary to uncover the inﬂuences of stroking
hardness on the skin sites among stroking forces, and to detect subtle
effects over different factor levels.
Extensive analyses showing the main effect of skin site at each level of
stroking force were shown in Fig. 5A-C, where stroking hardness has a
different effect on the perception of pleasantness for the palm and the
forearm. We found no signiﬁcant main effect of skin site at the level of
stroking hardness 1.91, but there were signiﬁcant main effects of skin site
at levels of stroking hardness of 2.66 (p ¼ 0.009), 3.66 (p ¼ 0.003), and
4.17 (p ¼ 0.001) for the 1N level of stroking force. For the level of
stroking force 1.7N, there were signiﬁcant main effects of skin site at all
levels of stroking hardness of 1.91 (p ¼ 0.031), 2.66 (p ¼ 0.007), 3.66 (p
¼ 0.003), and 4.17 ( ¼ 0.001). Intriguingly, signiﬁcant main effects of
skin site were found at the levels of stroking hardness of 1.91 (p¼ 0.024),53.66 (p ¼ 0.018), and 4.17 (p ¼ 0.021), but no signiﬁcant main effect of
skin site at the level of stroking hardness 2.66 was found for the 3N level
of stroking force.
Linear regression analyses were conducted to explore the relationship
between tactile pleasantness ratings and stroking forces, per stroking
hardness. For the palm skin site, all the linear regressions were signiﬁ-
cant: stroking hardness of 2.66 (R2 ¼ 0.158, p ¼ 0.007), stroking hard-
ness of 3.66 (R2 ¼ 0.152, ¼ 0.008), and stroking hardness of 4.17 (R2 ¼
0.197, p ¼ 0.002). For the forearm skin site, the following linear re-
gressions were signiﬁcant: stroking hardness of 2.66 (R2 ¼ 0.239, p ¼
0.001), stroking hardness of 3.66 (R2 ¼ 0.150, p ¼ 0.009), and stroking
hardness of 4.17 (R2 ¼ 0.089, p¼ 0.046). No signiﬁcant linear regression
was found at a stroking hardness of 1.91 for both skin sites.
4. Discussion
In this study, we investigated the effect of stroking hardness on
pleasantness ratings by stroking four different brushes on two different
skin sites using three stroking forces. In terms of pleasantness ratings, the
hairy skin of the forearm is more susceptible to stroking hardness than
the glabrous skin of the palm, independent of the effects of forces. This
result suggests that pleasantness ratings from hairy skin decrease at a
faster rate compared to glabrous skin as stroking hardness becomes
harder and that there is an interaction between stroking hardness and
stroking sites on ratings of pleasantness (Fig. 5). Adding to previous
research on affective touch (Loken et al., 2009; Loken et al., 2011;
Ackerley et al., 2014b; Fairhurst et al., 2014), there are different effects of
stroking hardness on the perception of pleasantness for palm and forearm
stimulation.
The main ﬁnding in the current study is that the hairy skin of the
forearm is more susceptible to stroking hardness than the glabrous skin of
the palm in the range perceived as affective touch. It is well known that
CT afferents involved in the transmission of affective tactile signals are
exclusively innervated in hairy skin (e.g., the forearm) (Loken et al.,
2009), and the stroking velocity-pleasantness proﬁle has previously been
conﬁrmed to be different between glabrous and hairy skin (Loken et al.,
2009; Morrison et al., 2011b; Ackerley et al., 2014b). Previous fMRI
studies (Bjornsdotter et al., 2009; McGlone et al., 2012; Gordon et al.,
2013; Voos et al., 2013) have shown that CT-targeted touch on the
forearm mainly project onto the insular cortex when compared to the
palm, while the opposite contrast (touch on the palm minus touch on the
arm) showed a signiﬁcant activation of somatosensory cortices. We
speculate that these differential effects may be related to not only the
distinct brain responses, but also cutaneous receptors responding to skin
deformation. In line with previous studies (McGlone et al., 2012;
Ackerley et al., 2014c; Klocker et al., 2014), our results suggested that
gentle skin stroking of the glabrous skin, where the unmyelinated CT
afferents are never found, is also perceived as pleasant. Hence, Aβ ﬁbers
(that are present in both the hairy and glabrous skin) also seem to play a
key role in the transmission of the affective aspects of touch by conveying
discriminative information (e.g., concerning the speed and force of
stimulation (McGlone et al., 2007; McGlone et al., 2014)) to the brain.
Previous studies have demonstrated that CT afferent discharges prefer
gentle touch with low indentation forces (Wessberg et al., 2003; McGlone
et al., 2007; Loken et al., 2009). To make the experimental results more
objective, we also considered stroking forces as a factor in the experi-
mental design. It should be noted that stroking hardness is a psycho-
logical perception based on complex interaction between stiffness of
brush, its endpoint characteristics, sheer forces in the brush ﬁlament and
skin indentation. However, a signiﬁcant interaction between stroking
force and hardness was found, which indicated that force and hardness
were not similar dimensions despite inseparable. Therefore, it was
considered that the subjects tended to evaluate the hardness of brushes
according to the characteristics of bristles, despite the contribution of the
exerted downward forces to hardness ratings. Our results suggest that the
(caption on next column)
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6light stroking forces were considered more signiﬁcantly pleasant when
compared to heavy stroking forces. A previous study of passive ﬁngertip
(glabrous skin) stimulation showed that the average roughness of touch
plates and friction force were negatively related to pleasantness and that
there was no signiﬁcant correlation between the force of stimulus
application or stimulus temperature and pleasantness (Klocker et al.,
2014). This result indicates that the perception of pleasantness in
response to affective touch can be modulated by the physical properties
of stimuli as well as by its force and velocity proﬁle. Furthermore, we
found that pleasantness ratings from the hairy skin of the forearm are
more sensitive than the glabrous skin of the palm and that an interaction
was present between stroking hardness and stroking sites independent of
the effects of force. The differential effect of stroking hardness on the
perception of affective touch to the palm and forearm may be attributed
to several factors, such as the type of skin (e.g. the differential presence of
CT afferents between glabrous skin and hairy skin), its innervation and
central signal extraction mechanisms. Because the difference between
glabrous and hairy skin is divided not only by CT afferents, but also other
factors. For instance, myelinated ﬁbers in the hairy skin are irregularly
distributed around the follicles in a high density compared to their ho-
mogeneous population of glabrous skin. These nerve ﬁbers’ are entan-
gled in glabrous skin, but straight and stretched in hairy skin (Provitera
et al., 2007). In addition, Meissner corpuscles are uniquely present in the
glabrous skin to encoding discriminative aspects of touch, while the hair
follicle endings in the hairy play a role in this aspect. These difference
may also result in different responses to stimulation of glabrous and hairy
skin.
Another possibility of affecting the perception of affective touch is
roughness. A Hard–Soft dimension has also been identiﬁed to be an
important tactile attribute (Guest et al., 2011). A passive ﬁngertip stim-
ulation study indicated that the mean roughness of skin-stimulus inter-
face was negatively correlated with pleasantness (Klocker et al., 2014). In
addition, it has been found that the smooth brush and fur were rated as
signiﬁcantly more pleasant than the rough sandpaper (Ackerley et al.,
2014c). However, it is difﬁcult for the present study to dissociate the
inﬂuences of hardness and roughness on the perception of affective
touch, and then omit limitation of the study. Thus, dissociating the in-
ﬂuences of hardness and roughness on the perception of affective touch is
one of future research. A second issue is the hand dominance. Despite
extensive studies on handedness regarding the discrimination aspects of
touch, it is still unknown whether dominant hand affects the perception
of affective touch. In many previous studies (Bjornsdotter et al., 2009;
Loken et al., 2011; Morrison et al., 2011a), tactile affective stimulation
has been applied to either hand, but it does not mean that the emotional
perception of touch is not affected by hand dominance. Therefore, the
issue of hand dominance also needs further examination in future studies
of affective touch.
These ﬁndings of the current study extend the growing literature
related to the effect of stroking characteristics on pleasantness ratings
and show that the hairy skin of the forearm is more susceptible to
stroking hardness than the glabrous skin of the palm. However, despite
their different innervations, there were many similarities in perceptionFig. 5. The effect of skin site on pleasantness ratings for different levels of
stroking hardness. The y-axis (A-C) is the raw average scores for pleasantness
ratings from the palm and forearm in context of the rating scale (-10, 10) used to
elicit answers. There were main effects of skin site on a stroking hardness of
2.66, hardness of 3.66, and hardness of 4.17 for the level of stroking force (A)
1N. For the level of stroking force (B) 1.7N, there were signiﬁcant main effects
of skin site at all levels of stroking hardness. And for the level of stroking force
(C) 3N, signiﬁcant main effects of skin site were found on a stroking hardness of
1.91, hardness of 3.66, and hardness of 4.17 (* indicates signiﬁcant differences,
p < 0.05). Furthermore, pleasantness decreased at a faster rate for stroking over
the forearm compared to over the palm as stroking hardness becomes harder.
Error bars correspond to SD.
J. Yu et al. Heliyon 5 (2019) e02141between the forearm and the palm, which needs further examination in
future studies. In addition, our experiment only investigated two stroking
sites on the palm and forearm; therefore, there are limitations in
explaining the differential effects between hairy and glabrous skin. The
experiment was also conducted as a behavioral one, making it difﬁcult to
attribute the affective feelings of hairless skin to the top-down mecha-
nism. Hence, further studies are needed to incorporate more stroking
sites into the experimental design and to extend fMRI approaches to the
experiments to better investigate the top-down mechanism.
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